V olatiles are key in the development of Earth into a habitable planet, but their origin remains highly debated [1] [2] [3] [4] [5] . A 'late veneer' of chondrite-like material added to the bulk silicate Earth (BSE) after core formation had ceased, has been argued to be the most plausible source of Earth's volatiles 4, 5 . This late veneer was originally proposed to account for the abundances of highly siderophile elements (HSEs) in the Earth's mantle [6] [7] [8] . The model was then extended to volatiles S, Se and Te (refs 5, 6 ), as all these elements display broadly chondritic relative and absolute abundances in the Earth's mantle higher than experimentally predicted from metal/ silicate partition coefficients and core-mantle differentiation models [9] [10] [11] . Despite the potential role of the late veneer in Earth's volatile evolution [3] [4] [5] , its nature remains controversial. Based on Re-Os isotope systematics, the late veneer composition was similar to that of ordinary or enstatite chondrites 12, 13 , whereas the distinct nucleosynthetic Ru isotope anomalies between the Earth's mantle and known chondrites rule out an outer Solar System origin for the late veneer 2 . These isotope constraints discard carbonaceous chondrites, which, based on their distinct isotope anomalies, are considered to have formed in the outer Solar System 14, 15 , as the source material of the late veneer. In contrast, the broadly chondritic S, Se and Te ratios in fertile peridotites suggest that the late veneer was volatile-rich and consisted mostly of carbonaceous chondrite-like materials 5 . However, the use of S, Se and Te ratios in mantle peridotites to trace the composition of the late veneer has been significantly weakened as their relative abundances may not represent a primitive feature of the BSE 16, 17 . Unravelling the link between the late veneer and Earth's volatiles has proved challenging, mainly because it is difficult to establish precise and accurate volatile isotopic and compositional signatures in the BSE and to attribute them to a clear post-planetary core formation origin 1, 5, 18 . Here we use Se stable isotopes that, due to their unique properties, can clearly overcome these limitations. Se and Te are both volatile and behave like HSEs at core formation conditions 9 , and as HSEs they were almost entirely scavenged from the mantle during core segregation. This Se-Te depleted mantle provides an ideal background for the late veneer to leave a diagnostic signature of these elements. In addition, a recent high-precision study reported distinguishable Se isotope compositions between different classes of chondrites 19 . Altogether, this shows that Se isotopes may potentially be a strong diagnostic tool to identify the type of chondrite representative of the late veneer composition that left its mark in the BSE, provided that such a BSE signature can be established. However, a Se isotope composition of the BSE with similar highprecision to that of chondrites 19 is still missing. We here address this issue by investigating the Se isotope composition of mantle peridotites with a high-precision analytical technique.
Se isotope signature of the BSE inferred from peridotites
For this study, we selected a set of representative mantle peridotites that range in age from mid-Proterozoic to late Palaeozoic and are from different geological settings and localities, which include nine samples from orogenic and transitional peridotite massifs (Ronda, Pyrenees, Lanzo and External Ligurides) and two xenoliths from the French Massif Central (Supplementary Table 1 ). Samples were analysed for Se isotopes on a multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS) at the University of Tuebingen using a double spike and methane-boosted hydride generation technique 20, 21 ). This sample set displays an apparently positive correlation between the Al 2 O 3 and Se contents and encompasses the entire spectrum reported in the literature for peridotites in the Al 2 O 3 versus Se space (Fig. 1a) The origin of Earth's volatiles has been attributed to a late addition of meteoritic material after core-mantle differentiation. The nature and consequences of this 'late veneer' are debated, but may be traced by isotopes of the highly siderophile, or iron-loving, and volatile element selenium. Here we present high-precision selenium isotope data for mantle peridotites, from double spike and hydride-generation multicollector inductively coupled plasma mass spectrometry. These data indicate that the selenium isotopic composition of peridotites is unaffected by petrological processes, such as melt depletion and melt-rock reaction, and thus a narrow range is preserved that is representative of the silicate Earth. We show that selenium isotopes record a signature of late accretion after core formation and that this signature overlaps only with that of the CI-type carbonaceous chondrites. We conclude that these isotopic constraints indicate the late veneer originated from the outer Solar System and was of lower mass than previously estimated. Thus, we suggest a late and highly concentrated delivery of volatiles enabled Earth to become habitable. refractory peridotite protoliths, have been reported 16, [22] [23] [24] [25] . However, regardless of these complex mantle processes that might have affected the Se budget of mantle peridotites, they do not produce a Se isotopic variation in peridotites, as shown by their homogeneous δ Fig. 1b,c) , and the lack of any correlation with petrogenetic indicators of melt depletion and/or metasomatism such as Al 2 O 3 (Fig. 1b) or Pd/Ir ratios (Supplementary Information). This is the most limited Se isotope range reported for a suite of mantle rocks of different ages and different geological settings, and it is independent of their Se content (Fig. 1c) . . This Se isotope variability among basaltic melts might reflect additional processes 26 , which emphasizes that selected peridotites, with their range of ages, may indeed represent the most robust estimate of the BSE Se isotope signature. Se values of the analysed peridotites (for simplicity, all as circles) together with published data for terrestrial melts, which include basalts from a variety of geodynamic settings (diamond symbol) 20 and mid-ocean ridge basalts from the Pacific-Antarctic ridge (PAR MORBs) 17 . Also shown are published data for the BSE 27 
Implications for the nature of the late veneer
The proposed average BSE Se isotope composition (−0.03 ± 0.07‰, 2 s.d. of the mean) has a remarkably narrow range compared to previous estimates (0.33 ± 0.32‰, 2 s.d. analytical precision, n = 10, Fig. 2 Se value of enstatite chondrites (−0.40 ± 0.08‰, n = 3) compared to that of the BSE discard these meteorites as the source of the Se isotopic signature of the BSE (Fig. 2) . Ordinary chondrites (−0.21 ± 0.10‰, n = 9) and CO (−0.20 ± 0.07‰, n = 2) and CV (−0.24 ± 0.10‰, n = 2) carbonaceous chondrites can also be discarded as their mean δ
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Se values are indistinguishable from each other 19 , but are statistically significantly different than that of the BSE (Student's t-test, two-tail P value <0.0001, Se values, respectively, plotting on both sides of the BSE (Fig. 2) . These distinct δ
Se values suggest that a mixture of these two chondrites could result in a Se isotope signature that overlaps with that of the BSE. However, the possible proportional contributions of Mighei and Murchison chondrite-like material fall within a limited range (f = 0.69 ± 0.2, where f denotes the proportion of source 1 in the mixture, Supplementary Information). Although CM chondrites cannot be refuted as the source of Se in the BSE, and other potential mixtures that involve CI chondrite-like material as the main source can be envisaged, the remarkable overlap of exclusively CI carbonaceous chondrites (mean δ
Se value of −0.02 ± 0.12‰, n = 2) with the BSE (Fig. 2) advocates for a simpler and straightforward scenario in which CI chondrites alone can account for the BSE Se isotope composition.
We conclude, based on the highly siderophile behaviour of Se at core forming conditions and core-mantle differentiation that left the mantle almost completely devoid of Se 9 , that the main and most likely source of Se in the BSE was a CI chondrite-like late veneer. This finding has striking implications for the mass of the late veneer and the amount of volatiles delivered by it. CI chondrites have the highest concentrations of volatiles among carbonaceous chondrites 28 , which implies that, compared to previous estimates calculated based on a bulk chondritic composition 8 , the mass of the late veneer would be lower. Unlike the estimated BSE Se-Te abundances that are controversial 5, 16, 17 , the S budget is known to retain an imprint acquired during core segregation 29 and thus it has been well constrained in the mantle before and after the late veneer 30, 31 . Following a simple batch mixing calculation that assumes ~40% of S is in the pre-late veneer mantle 30 and a BSE S content of 200 ± 40 µg g −1 (ref. 31 ), our mass balance calculations indicate that the total added material to the BSE by a CI chondritelike late veneer would have been ~0.15 ± 0.03% of the Earth's mass (Supplementary Information). This estimate is significantly lower than the ~0.5% calculated based on mantle HSE abundances and a late veneer of bulk chondritic material 8 . Even considering a CM chondrite-like late veneer (~0.26 ± 0.05% of the Earth's mass, Supplementary Information), the estimated mass would remain lower. This dichotomy could be reconciled if HSE partition coefficients during mantle-core differentiation conditions are lower than those previously reported 10 , as proposed for some HSEs 10, 11, 32 . Other more complex scenarios that involve mixtures of CI chondrite-like material with a minor proportion of other carbonaceous or even ordinary chondrites could account for a Se isotope signature similar to that of the BSE. However, any of these potential mixtures will require more than 85% of CI chondrite-like material, with a similarly low-mass late veneer (Supplementary Information). Alternatively, it has been suggested that the late veneer involved a mixture of ~80% carbonaceous chondrite-like material with ~20% of a chemically evolved metal component derived from the core of a planetary embryo, similar in composition to iron meteorites 33 . Recent Ru isotopic data, however, challenge this scenario and preclude that a chemically evolved metal component contributed significantly to the late veneer 2, 34 . Independent of the likelihood of such intricate scenarios, the Se isotope approach clearly indicates that carbonaceous chondrites dominated the volatile late-accreted material.
These new Se isotope data are also at odds with the Re-Os isotope systematics that support an enstatite-or ordinary-chondritelike late veneer 12, 13 and with Ru isotope anomalies that infer an inner Solar System origin for the late veneer 2 . The mass-dependent Ru isotope systematics, however, show no resolvable differences between the BSE and chondrites 34 , similar to the information conveyed by Pt and Pd stable isotopes 35, 36 , and thus mass-dependent Ru isotope systematics cannot constrain which type of chondrite-like material dominated the late veneer. Furthermore, studies regarding the potential Ru isotope anomalies in the pre-late veneer mantle are currently underway to further assess the timing of the volatile element accretion 37 . Regarding Os isotopes, Meisel et al. 13 and, more recently, Day et al. 38 33 . However, as stated above, this scenario is not supported by mass-dependent and -independent Ru isotopic data 2, 34 . In any case, the narrow range of the BSE Se isotope signature reported here clearly overlaps only with that of CI chondrites (Fig. 2) . Hence, this is unambiguous evidence that, at least for volatiles, the late veneer comprised objects sourced from the outer Solar System.
Late volatile contribution from the outer Solar System
Given a CI chondrite-like late veneer and a 40% S content in the pre-late veneer mantle 30 , the Se content of the BSE (47 ± 10 ng g −1 based on the new estimated late veneer mass, Supplementary Information) would have been delivered along with other volatiles 4, 5 , but to a different extent. For S it is known that, due to its moderately siderophile nature, ~60% of the total S in the BSE was delivered after core formation 30 . Similar to Se, the highly siderophile behaviour of Te during mantle-core differentiation supports a late veneer as its main source 5, 9 and yields a Te BSE abundance of 5 ± 1 ng g −1 (Supplementary Information). This heterogeneous contribution of volatiles can also be extended to essential components for life, such as water, carbon and nitrogen. On the basis of recent estimates of their BSE values, a CI chondrite-like late veneer would have delivered ~20-60% of water, from ~50% to even more than 120% of carbon and an excess of nitrogen to the BSE. These estimates remain fairly similar if we consider a CM chondrite-like late veneer, as these chondrites are also volatile-rich materials and would yield Se and Te abundances closer to those of highly fertile lherzolites 5, 16, 22 (Supplementary Information). Our results imply that a percentage of water and probably carbon must have been delivered during the main stages of planetary accretion, in agreement with previous studies 1, 3, 39, 40 . The excess abundance of nitrogen can be reconciled with considerable atmospheric loss 41 after the late veneer. Yet overall, although the proportion of volatiles delivered depends on their background mantle concentrations, our data also indicate that the late veneer contributed significantly to the Earth's volatile budget.
Methods
Most of the samples analysed in this work were received as fine powder materials, except for sample 15-EDL/007, which was cut by a rock saw into smaller pieces that were then crushed and finally pulverised using an agate disk mill. Analytical procedures are described in detail in Yierpan et al. 20 and Kurzawa et al. 21 , and only a brief summary of the most important aspects is given here.
Between 100 and 500 mg of sample powders were weighed in perfluoroalkoxy alkane beakers together with proportional amounts of 77 Se double spike solutions to ensure sample-spike equilibration during digestion. Samples were then digested following the hotplate HF-HNO 3 routine procedure described in Yierpan et al. 20 . Spinel grains were visible in some peridotites after digestion. However, orthopyroxene, clinopyroxene and spinel in peridotites do not contain detectable amounts of Se (ref. 43 ) and instead, this element is considered to be mainly hosted in base metal sulfides and platinum group minerals 22, 43 . Moreover, several studies in which mantle rocks were digested with inverse aqua regia in a high-pressure asher (HPA-S), a procedure that ensures the complete dissolution of spinel grains, report whole-rock Se concentrations similar to those obtained by HF-HNO 3 digestion 5, 20, 44 . However, to evaluate the possible effects of an incomplete dissolution of spinel in the Se isotope composition of peridotites, independent digestions in two peridotite samples (FONB-93 and DR33) were carried out with an Anton Paar HPA-S. For this, 1 g of sample powder together with adequate amounts of Se double spike were digested with 7.5 ml of inverse aqua regia (14.5 M HNO 3 and 10.5 M HCl, 3:1 molar ratio) in quartz glass vessels at 220 °C and 100 bar for 16 h. After digestion, samples were dried down at 65 °C and were subsequently treated as those digested with HF-HNO 3 to ensure complete digestion and desilicification. Se was separated from the sample matrix using Eichrom AG1-X8 (100-200 mesh) and AG 50W-X8 (100-200 mesh) anion and cation exchange resins, respectively, following the protocol described in Yierpan et al. 20 .
After separation, samples were dissolved in 1 ml of 2 M HCl for analyses on a ThermoFisher Scientific Neptune Plus MC-ICP-MS coupled with a CETAC HGX-200 hydride generator. The Se concentration and isotope composition were measured simultaneously using the operating conditions, data acquisition and reduction procedures described in detail in Kurzawa et al. 21 . Measurements were performed in low-resolution mode, with a sample uptake rate of 0.181 ml min ; under these conditions, the typical sensitivity of the instrument was ~ 900 mV on 82 Se using a 10 11 Ω amplifier. Backgrounds were measured before each sample (and standard) analysis using pure 2 M HCl and were used for on-peak zero corrections.
The long-term analytical reproducibility of Se isotope measurements is 0.07‰ based on repeated analyses of the inter-laboratory standard MH-495. These analyses were done for 30 ng ml −1 Se solutions and include those previously reported by Yierpan et al. 20 and those performed during this study, and together they yield an average δ
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Se value of −3.25 ± 0.07‰ (2 s.d., n = 101, Supplementary Table 3 ). This is in agreement with a previously reported value of −3.27 ± 0.13‰ (2 s.d., n = 10) on 15 ng ml −1 Se solutions 21 and is within the range of literature data 42, 45, 46 . In addition, the analytical reproducibility of Se isotope measurements in peridotites was evaluated by repeated analyses of samples FONB 93 (n = 5) and TUR7 (n = 6), which yield a 2 s.d. of 0.10‰ (Supplementary  Table 2 ). In terms of accuracy, our average δ
Se of the US Geological Survey reference material BHVO-2 (0.15 ± 0.10‰, n = 4) agrees well with data reported by Yierpan et al. 20 using an HF-HNO 3 (0.18 ± 0.10‰) or an HPA-S digestion (0.22 ± 0.10‰ with ~75% Se extraction). Further discussion of our reproducibility and accuracy of measurements is given in the Supplementary Information.
Each sample was individually digested and analysed 2-6 times in different analytical sessions. Particular care was taken with very depleted samples, such as harzburgite 64-3, whose digestions (up to six) had to be combined into one before being analysed to ensure the minimum amount of Se required for precise isotope measurements (~5 ng) (ref. 21 ). Our peridotite dataset is thus composed of 51 digestions and 32 measurements over different analytical sessions. Generally, ~30 ng of Se were analysed for fertile lherzolites, whereas for depleted peridotites, the amount of Se analysed ranged between 7 and 30 ng depending on their concentrations (Supplementary Table 2 ). Prior to each analytical session, samples were checked for possible arbitrarily remaining germanium (Ge) that would contribute interferences. Usually, Ge signals were lower than background levels. However, if higher, 1 ml of 10.5 M HCl was added to the sample and subsequently dried down at 90 °C (ref. 20 ). This procedure allows for the complete elimination of Ge and, although it results in minor Se losses for rock matrices (~10-30% in the case of peridotites), any associated isotopic fractionation is corrected by the use of the double spike technique 21 . Other possible polyatomic interferences on the measured Se isotope masses were suppressed by admixing methane throughout the entire measurement session, which also allowed for an enhancement of the Se signal 21 . The δ
Se value of each sample (and MH-495 standard), obtained after double spike deconvolution, was normalized by the average δ
Se of the NIST SRM 3149 standard measured immediately before and after the sample. As published Se concentrations exist for most of the samples analysed in this study 5, 16, 22, 44, 47 (Supplementary Table 2 ), an almost exact spike-to-sample ratio was adjusted without pre-concentration measurements. In the few cases in which Se concentrations were unknown, samples were first analysed with an iCAP-Qc ICP-MS, as described below.
A ThermoFisher Scientific iCAP-Qc ICP-MS coupled with an ESI hydrideICP hydride generation system was used for pre-concentration Se measurements. The analytical procedure is described in detail in Yierpan et al. 20 . Setting parameters were tuned daily by using ~0.5 ng g −1 Se of unspiked NIST SRM 3149 standard solution, and measurements were performed in the Icap-Qc STD mode for highest sensitivity. The Se isotopes were monitored with a dwell time of 0.03 s. Samples were prepared to have matched concentrations with the standard and, under typical operating conditions, the standard solution yielded intensities of ~30,000 counts per second on 78 Se. Each analytical session included four standard solutions, three measured at the beginning and one at the end of the session. Backgrounds were measured before each sample and standard analysis using pure 2 M HCl and were then subtracted from their analysed peak intensities, followed by correction of the instrumental mass bias using the natural 77 Se/
78
Se ratio. Counts for Se were based on ~400 measurements per sample after signal stabilization and thereafter converted into concentrations (ng g −1 ). Total analytical blanks, which were processed using the same procedure as outlined above for the samples, were indistinguishable from background intensities (equivalent to ~0.05 ng ml −1 Se; ref. 17 ) during the analysis, and the recovery yield of Se, including sample dissolution, ion exchange chemistry and hydride generation efficiency, ranged between ~60 and 95%. Regarding the use of different digestion techniques, the Se concentrations and δ
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Se values of samples FONB-93 and DR33 digested by HPA-S are indistinguishable, within error, to those obtained using HF-HNO 3 digestion, and thus they are considered in the average concentrations and isotopic values of each sample (Supplementary Table 2 ). The Se concentration and isotopic signature of peridotites are independent of the digestion technique used here, which confirms earlier observations on the Se isotope composition of basalts 20 .
Data availability
The data that support the findings of this study are provided as Supplementary  Tables 1-7. 
